It has been estimated that autism spectrum disorder (ASD) now affects 1 in 59 children in the United States. Although the cause(s) of ASD remain largely unknown, it is becoming increasingly apparent that ASD can no longer be defined simply as a behavioral disorder, but is in effect a rather complex and highly heterogeneous biological disorder. Up until recently the brain was thought to be "immune privileged." However, it is now known that the immune system plays critical roles in the development and functioning of the brain throughout life. Recent evidence from multiple investigators has illustrated the deleterious role that dysregulation of the maternal immune system during gestation can play in the manifestation of changes in neurodevelopment, resulting in the development of neurobehavioral disorders such as ASD. One potential etiologic pathway through which the maternal immune system can interfere with neurodevelopment is through maternal autoantibodies that recognize proteins in the developing fetal brain. This mechanism of pathogenesis is now thought to lead to a subphenotype of ASD that has been termed maternal autoantibody related (MAR) ASD. This review provides an overview of the current research implicating the presence of brain-reactive maternal autoantibodies as a risk factor for MAR ASD.
Introduction
Autism spectrum disorder (ASD) are a highly heterogeneous set of neurodevelopmental disorders classified by core impairments in social interaction and communication behaviors that are accompanied by restrictive and repetitive interests and behaviors [1] . While genetic factors are thought to have an important role in the etiology of ASD, recent evidence suggests that environmental influences, especially during gestation or early postnatal periods, also contribute to the development of ASD [2] [3] [4] . One potential non-genetic contributing factor is immune system dysregulation, which has been frequently described in individuals with ASD as well as their family members. Such immuneassociated findings reported in ASD include a family history of autoimmune disease [5] [6] [7] , exposure to prenatal immune challenges such as bacterial or viral infections [8, 9] , and skewed cytokine and chemokines profiles observed in both individuals with ASD and their mothers [10] [11] [12] [13] [14] . Most notably, some mothers of children with ASD have been reported to have circulating autoantibodies reactive to fetal brain proteins [15] . In the following review, readers will be provided with an overview of the current literature concerning brain-reactive maternal autoantibodies and the associated risk for having a child with ASD.
Gestational maternal immune environment and neurodevelopment
Under normal conditions, the maternal immune system is uniquely regulated during pregnancy to maintain a pathogen-free, yet non-inflammatory, environment for the developing fetus [16, 17] . Among the components of the maternal immune system that enter the fetal compartment, maternal immunoglobulin G (IgG) antibodies transfer at high concentrations across the placenta beginning around gestational week 17 in humans, thereby providing the immunologically naive fetus with passive protection against pathogens [18] . These maternal IgG antibodies are also transferred to the newborn during lactation through breast milk, although at much lower levels than IgA, enabling maternal IgG to persist in the newborn through early infancy [19] . In addition to immunoprotective IgG antibodies specific to external pathogens, maternal IgG autoantibodies that react to proteins (antigens) within the fetus (termed "self"-proteins) can also cross the placenta. While antibodies are normally unable to cross the blood-brain barrier (BBB) to access the brain, the BBB is permissive during early brain development and thus permits maternal antibodies to access the developing fetal brain [20] . Antibodies that react to fetal brain proteins therefore have the potential to exert substantial effects on the fetal brain through their interaction with target antigens. For example, the gestational transfer of maternal autoantibodies in maternal myasthenia gravis can lead to transient neonatal myasthenia gravis and, in rare cases, arthrogryposis multiplex congenita, a disorder that is often fatal and is characterized by severe joint contractures in the offspring [21, 22] . Therefore prenatal exposure to maternal antibodies or autoantibodies that react against fetal brain proteins has been suggested as a mechanism for altering the normal brain development [23] .
Identification of fetal brain-reactive maternal autoantibodies specific to risk of ASD

Initial discoveries
Historically, the interest in looking for an association of maternal autoantibodies and risk of ASD was initially spurred by a study conducted by Warren and colleagues [24] , which found that exposure to fetal lymphocyte antigens elicited an antibody response in some mothers of children with ASD. These maternal antibodies were originally thought to arise through exposure to paternal antigens during a previous pregnancy and/or parturition, similar to the manner in which the production of anti-Rh antibodies occurs. This interest was furthered by an intriguing pilot study in which sera from a mother of a child with ASD was injected into pregnant mice, producing alterations to exploratory behavior and motor coordination in the prenatally exposed offspring relative to controls [25] .
Several studies have since expanded upon this earlier work, aiming to characterize the maternal antibodies in more detail. Utilizing samples from a large, wellcharacterized case-control study, Braunschweig et al. [26] identified autoantibody reactivity against fetal brain proteins at~37 and 73 kDa in plasma from mothers of children with ASD (11.5%), but not in mothers of typically developing (TD) children (0%) or in mothers of children with non-ASD developmental delay (DD) (0%).
In a similar preliminary study by Zimmerman and colleagues [27] , maternal sera from 11 mothers of children with ASD and 10 mothers of TD children were examined for antibody reactivity to prenatal, early postnatal, and adult brain proteins derived from rats. A distinct pattern of antibody reactivity to prenatal brain proteins was observed in the mothers of children with ASD relative to mothers of TD children, whereas reactivity to postnatal and adult rat brain proteins were variable and did not differentiate between groups of subjects [27] . To expand upon these findings in a larger sample set, serum antibody reactivity against fetal and adult brain proteins derived from both humans and rats was examined in 100 mothers of children with ASD and 100 age-matched mothers of TD children [28] . While numerous bands were identified in all subjects in response to fetal and adult brain proteins from both human and rodent sources, significantly more mothers of children with ASD demonstrated reactivity to a 36 kDa protein antigen in both human and rodent fetal brain tissue than control mothers [28] . Maternal reactivity to proteins at 39 and 61 kDa in human fetal brain tissues and to proteins at 73 kDa in rodent fetal brain tissue was additionally greater in mothers of children with ASD than control mothers [28] . The results observed in both the Braunschweig and Singer studies suggest autoantibody reactivity to fetal brain antigens at~36-39 kDa and 73 kDa are significantly more prevalent amongst mothers of children with ASD, with minor variances in band definition across the studies most likely due to different tissue and western blot protocols used for analyses.
In an effort to determine whether these ASD-specific maternal autoantibodies are present in mothers from different geographic locations, Rossi et al. [29] measured plasma reactivity in mothers from a regionally specific cohort from the Basque Country of Spain. Maternal reactivity to fetal brain proteins at both 37 and 73 kDa was observed exclusively in mothers of children with ASD (37/73 kDa reactivity: 5.4% mothers of children with ASD; 0% mothers of TD children). Similarly, maternal autoantibody reactivity at both 39 and 73 kDa was only observed in mothers of children with ASD and not in mothers of TD children (39/73 kDa reactivity: 2.7% mothers of children with ASD; 0% mothers of TD children) [29] .
In the largest cohort reported to date, maternal antibody reactivity to fetal and adult mouse brain proteins was examined in plasma from 2431 mothers of children with ASD and 653 control women of child-bearing age [30] . Mothers of children with ASD were significantly more likely to have brain-reactive antibodies in their circulation than the unselected control women of child-bearing age (10.7 vs. 2.6%) [30] . Furthermore, antibody-positive mothers of children with ASD were significantly more likely to also be positive for anti-nuclear autoantibodies, as well as have an autoimmune disease, suggesting that these brain-reactive antibodies may be associated with autoimmunity [30] . However, Brimberg and colleagues were unable to comment on specific band reactivity, as the protein bands identified on western blots in this study were variable and maternal brain-reactive antibodies were primarily detected using immunofluorescence staining of brain tissue. Furthermore, their results unfortunately lacked true specificity for ASD as control subjects were not comprised of mothers of children verified as typically developing, but instead were control plasma from women of child-bearing age collected during a previously characterized cancerfocused research cohort [30, 31] .
While these initial studies were informative in examining the association of maternal autoantibodies reactive to fetal brain proteins and risk of ASD, specimen collection typically occurred after the child's diagnosis. As the overall circulating IgG profile of any individual changes over time as a result of subsequent exposures and immune responses, it was not clear whether the autoantibodies measured in the mother's blood several years after her child's delivery accurately represent the autoantibody profile present during gestation. To address this concern, Croen et al. screened archived mid-gestational maternal serum specimens from a large case-control study for reactivity toward fetal brain proteins [32] . Maternal mid-gestational autoantibody reactivity to a band at 39 kDa was found to be more common in mothers of children with ASD than in mothers of DD and general population (GP) control children, and paired reactivity to bands at 39 and 73 kDa was exclusively found in mothers of children with ASD, thus confirming the gestational presence of these ASD-specific maternal autoantibodies [32] . Reactivity to bands at 39 and 73 kDa was additionally found to be specific to mothers of children with ASD, but not mothers of TD children, in several subsequent studies [29, 33] . Studies aimed at a longitudinal examination throughout pregnancy are currently underway to determine if the presence of maternal autoantibodies is consistent throughout pregnancy.
Associated risk factors
The identification of any risk factors that are associated with maternal autoantibody related risk of ASD would provide valuable insight on the underlying biological mechanisms responsible for the generation of these brain-reactive autoantibodies in women. As genetics are thought to play a large role in the etiology of ASD, certain genetic polymorphisms related to immune function may contribute to the potential mechanism through which these maternal autoantibodies arise. One such genetic risk candidate is a functional variant in the 5′ promoter of the gene encoding the tyrosine kinase MET receptor. In addition to its roles in neurodevelopment and gastrointestinal repair, the MET receptor serves as a key regulator in immune responsiveness [34, 35] . Further, a functional variant in the 5′ promoter region of the MET gene has been found to be significantly enriched in individuals with ASD [35] [36] [37] [38] [39] . This variant, rs1858830, is a common G-to-C single-nucleotide polymorphism (SNP); in ASD, the MET 'C' allele is inherited by individuals with ASD more often than predicted by chance and is more common in individuals with ASD than in the general population. In a study comprised of 365 mothers of children with ASD and TD children, Heuer et al. [40] discovered the MET C allele was strongly associated with the presence of maternal autoantibodies with paired reactivity to bands at 37 and 73 kDa in mothers of children with ASD relative to TD mothers. The MET C allele was additionally associated with decreased MET protein expression and decreased levels of interleukin-10 (IL-10) in activated peripheral blood mononuclear cells from these mothers [40] . A decrease in the immunosuppressive cytokine IL-10 may promote an environment conductive to the loss of immune tolerance, which could predispose the production of these ASD-specific maternal autoantibodies [40] .
Behavioral associations in humans
Efforts towards identifying subphenotypes of ASD would not only greatly advance our understanding of the development of ASD, but would also provide essential information for the development of precision-based medical treatment strategies. Therefore, it is important for researchers to note the behavioral variability associated with a diagnosis of ASD in order to potentially identify such subphenotypes.
In a population-based case-control study comprised of 560 mothers, ASD-specific paired maternal reactivity to bands at 37 and 73 kDa was found to be significantly correlated with lower expressive language scores in the child [33] . Maternal autoantibody reactivity to both 39 and 73 kDa bands, however, was found to be significantly associated with a broader diagnosis of ASD and was correlated with increased irritability scores in the child [33] . In a separate study conducted in an Italian cohort, Piras et al. [41] reported that children with autism whose mothers are autoantibody positive for the 37 kDa band display an abnormal sleep/wake cycle more frequently, as well as have deficits in both non-verbal and verbal language acquisition. Furthermore, affected children whose mothers have reactivity to the 73 kDa band were found to display overall verbal language deficits relative to neurotypical children, with significantly lower rates of typical language development, enhanced rates of language regression, and a lack of verbal acquisition [41] . Finally, maternal reactivity to paired bands at 39 and 73 kDa was significantly associated with broad motor coordination deficits in their children with ASD [41] .
Several studies have investigated the association between brain-reactive maternal autoantibodies and the clinical onset of autistic behaviors in children, finding mixed results. The regressive phenotype of ASD, defined as clear loss of previously required language and/or social skills, has been identified as significantly associated with paired maternal autoantibody reactivity to 37 and 73 kDa [26] , as well as maternal reactivity at 36 and 39 kDa [28] . Croen and colleagues [32] reported that within their mid-gestational maternal samples, paired reactivity to 39 and 73 kDa bands was found to be significantly more common amongst mothers of children with early onset autism. Early onset autism is defined by no statement of loss of social and/or language skills, or early and sustained delays or plateauing of skills without actual loss. Finally, approximately equal proportions of both early onset and regressive onset ASD classifications were observed in children of mothers with paired reactivity to 37 and 73 kDa bands in a study by Braunschweig et al. [33] .
While ASD is more commonly diagnosed in males than in females, the identification of sex and gender differences in ASD has emerged as area of research priority [42] . Of the studies conducted on brain-reactive maternal autoantibodies and risk for ASD, none have identified any evidence of sex differences in children of ASD whose mothers have these autoantibodies in their circulation. These studies support ongoing research efforts to emphasize the need to include more females with ASD in study cohorts to better identify and understand potential sex differences in ASD, especially given the recent concern that females with ASD may be under-diagnosed.
Biological effects
In an effort to identify etiological subtypes of ASD, it is important to describe and characterize medical comorbidities and other biological associations within children with maternal autoantibody related ASD. For example, while abnormal brain enlargement has been observed in some preschool-aged children with ASD, there is considerable individual variation regarding brain volume within the ASD study population [43] [44] [45] . To better characterize the neural phenotype of children with ASD whose mothers have circulating brain-reactive autoantibodies, Nordahl and colleagues evaluated total cerebral volume of preschool-aged male children using structural magnetic resonance imaging (MRI). Boys with ASD whose mothers did not have circulating brain-reactive autoantibodies were found to exhibit a modest, yet significant, 4.4% brain enlargement relative to age-matched TD control children [46] . However, boys with ASD whose mothers were positive for autoantibodies reactive to bands at 37 and 73 kDa exhibited a substantially greater brain enlargement relative to both TD controls (12.1%) and boys with ASD whose mothers who were negative for brain-reactive autoantibodies (7.4%) [46] . In addition to the differences observed in comparing total cerebral volume, boys with maternal autoantibody related ASD exhibited abnormal enlargement in all four cerebral lobes relative to TD controls, as well as in the frontal lobe relative to boys with non-maternal autoantibody related ASD [46] . These results suggest that reactivity to fetal brain proteins by maternal autoantibodies may contribute to a physiologic change in the brains of a subset of children with ASD.
A number of epidemiological studies have found an association between a maternal history of autoimmune disease and subsequent risk of having a child with ASD, including the autoimmune related diseases rheumatoid arthritis, psoriasis, and celiac disease [5, 6, 47] . Several researchers have therefore tested the hypothesis that the production of ASD-specific brain-reactive maternal autoantibodies may be associated with features of autoimmunity. In analyzing a subset of their sample population, Brimberg and colleagues reported that mothers of a child with ASD that were positive for anti-brain antibodies were significantly more likely to be positive for anti-nuclear autoantibodies, which are commonly present in individuals with many autoimmune diseases. Furthermore, they found a significantly increased incidence of autoimmune diseases, particularly rheumatoid arthritis and systemic lupus erythematosus, in mothers with circulating ASD-specific antibrain antibodies relative to mothers of ASD and TD children who are negative for anti-brain antibodies [30] . Similarly, Piras et al. [41] reported that children of ASD whose mothers are positive for autoantibodies with reactivity to both the 37 and 73 kDa antigens (now known to be LDH, STIP1 and CRMP1) had significantly higher rates of firstdegree relatives diagnosed with an autoimmune disorder relative to children with non-maternal autoantibody related ASD.
To replicate and expand upon the original findings by Warren and colleagues, Bressler et al. compared cell-surface binding of maternal serum IgG to peripheral blood monocytes of their children with autism compared to cells from an unaffected sibling using flow cytometry. Maternal IgG binding was additionally examined in specific lymphocyte subpopulations, including CD4, CD8, CD19, and macrophages. In comparing the mean levels of maternal IgG binding to their children's peripheral blood monocytes, no significant differences were found between their affected and unaffected children, thus contradicting earlier findings by Warren and colleagues [48] . Furthermore, no differences in the percentages of different cell populations were observed in the peripheral blood from children with ASD relative to their control siblings [48] . It is important to note that the sample populations utilized in both studies were small, and therefore the disparity in their results may be a consequence of the heterogeneity of ASD. In addition, while lymphocytes share several proteins and signaling pathways in common with brain tissue, they differ in many ways from fetal brain tissue and manifest a more limited repertoire of protein antigens. Therefore, the use of maternal IgG reactivity against lymphocytes does not appear to be a reliable method for the detection of maternal autoantibody related risk of ASD.
Early animal models
While the early observational studies described above were instrumental in revealing an association between maternal autoantibodies reactive to fetal brain proteins and risk of ASD, their results are more supportive of a correlative relationship and the potential for the maternal autoantibodies as a biomarker of autism risk. To provide support for the pathologic significance of these autoantibodies and the mechanisms by which they may exert their effects, various animal model studies were conducted. One technique often used to generate animal models of autoimmunity is passive transfer, in which circulating autoantibodies from an affected individual are collected and subsequently transferred to a healthy animal, allowing researchers to determine whether the autoantibodies of interest directly exert pathogenic effects in the exposed animals [23] . In the first non-human primate study of maternal autoantibodies in ASD, Martin and colleagues [49] utilized passive transfer techniques by injecting pregnant rhesus macaques with purified pooled IgG from mothers of children with ASD or from control mothers at three separate times during early gestation. Relative to offspring prenatally exposed to control maternal IgG, rhesus monkeys prenatally exposed to the IgG from mothers of children with ASD were hyperactive and consistently demonstrated dramatic whole-body stereotypies across multiple testing paradigms [49] . While gestational exposure to IgG from mothers of children with ASD did not produce profound differences in social behaviors, a small number of subtle differences in social behaviors were noted in these offspring, including a significant decrease in the amount of contact with familiar peers in the months immediately following weaning [49] .
In a separate experiment conducted in mice, pregnant dams were administered with purified pooled IgG from mothers of children with ASD or from control mothers during gestational days 13 through 18 (E13-E18) [50] . Offspring prenatally exposed to maternal ASD IgG displayed a variety of abnormal behaviors relative to those exhibited by control offspring. In particular, the maternal ASD IgG exposed mice exhibited impaired social interactions, a greater magnitude of startle response following acoustic stimulation, hyperactivity, and increased anxietylike behaviors [50] . Furthermore, maternal ASD IgG exposure significantly increased cell proliferation in the subventricular (SVZ) and subgranular zones on postnatal day 7 (PD 7) [51] . Cell densities in layers 2-4 of the frontal and parietal cortices, however, were significantly decreased on PD 7 in mice prenatally exposed to maternal ASD IgG relative to controls [51] .
To demonstrate the effects of a single exposure to the targeted maternal IgG autoantibodies during gestation, pregnant female mice were intravenously injected on E12 with purified IgG from mothers of children with ASD positive for autoantibodies reactive to both 37 and 73 kDa bands, or with purified IgG from autoantibody negative mothers of TD children. Injected maternal IgG was detected at highest relative concentrations in fetal brain and liver, supporting the notion that there is direct interaction between the developing fetal brain and maternal IgG [52] . Subsequent male and female offspring resulting from this single IV exposure to ASD-specific maternal IgG showed slower motor and sensory development during pre-weaning periods, with modest altered social and anxiety-like behaviors as juveniles [52] . As findings from previous observational and animal studies strongly suggest a role of maternal autoantibodies in the etiology of ASD, the identification of the target protein antigens for maternal autoantibody related (MAR) autism was a critical step in advancing this area of autism research.
In the first study of its type, Braunschweig et al. [53] successfully determined the identity of several proteins targeted by the maternal autoantibodies in fetal brain tissue. Through tandem mass spectrometry peptide sequencing, the target proteins corresponding to the 37-, 39-, and 73-kDa bands were identified as: lactate dehydrogenase A and B (LDH-A, LDH-B), guanine deaminase (GDA), stress-induced phosphoprotein 1 (STIP1), collapsin response mediator proteins 1 and 2 (CRMP1, CRMP2), and Y-box binding protein 1 (YBX1) [53] . Each of these identified protein antigens is expressed at significant levels in the human fetal brain and has an established role in neurodevelopment (Table 1) , such as the required role of CRMP1 for proper cell migration and growth cone collapse [54, 55] . Maternal reactivity by western blot to any of the antigens, individually or in combination, was found to be significantly associated with an outcome of ASD in the child. Furthermore, there were several combinations of reactivity that were highly specific to mothers of children with ASD and not found in the plasma of mothers of TD children. For example, the most common pattern of maternal reactivity exclusive to mothers of children with ASD was to LDH-A, LDH-B, STIP1, and CRMP1 in combination (5% ASD mothers vs. 0% TD mothers) [53] . Interestingly, these primary antigens (LDH-A, LDH-B, STIP1, and CRMP1) were demonstrated to correspond to the previously described 37/73 kDa proteins recognized by these ASD-specific maternal autoantibodies. When all antigen reactivity patterns were combined, a total of 23% of mothers of children with ASD had one of the autoantibody patterns containing two or more of the target proteins relative to only 1% of control mothers [53] . In order to determine whether specific patterns of antigen reactivity were associated with distinct behavioral phenotypes, behavioral outcome measures of children with ASD and TD children were compared between children of maternal autoantibody positive and negative mothers. Significantly increased stereotypical behaviors were observed in children of mothers possessing autoantibodies reactive to either type of LDH, CRMP1, as well as combined reactivity to LDH-A/LDH-B/STIP1 or to LDH-A/LDH-B/STIP1/ CRMP1 in comparison to children with ASD of autoantibody negative mothers [53] . An increased overall impairment was additionally reflected in the composite Aberrant Behavior Checklist (ABC) score for children of mothers reactive against LDH and CRMP1, as well as LDH-A/LDH-B/STIP1/CRMP1 [53] . While the identification of the antigenic proteins further supports the potential role of maternal autoantibodies in the etiology of a subtype of ASD, the precise mechanism(s) underlying alterations to neurodevelopment and behavior remains under investigation.
Associated risk factors
As previously mentioned, the identification of associated risk factors provides further insight onto the underlying biological mechanisms of MAR ASD. One potential nongenetic susceptibility factor is metabolic conditions (MCs) experienced during pregnancy, which have independently been associated with increased risk of having child diagnosed with ASD [56] [57] [58] [59] . In particular, maternal obesity during gestation, gestational diabetes, and hypertensive disorders during gestation have been identified as risk factors for ASD [56] [57] [58] [59] . Further, MCs are often characterized by chronic low-grade inflammation and insulin resistance [60] [61] [62] [63] . As both the metabolic and immune systems share common signaling pathways, alterations in one system might reflect similar changes in the other [64, 65] . To test this hypothesis, Krakowiak and colleagues sought to determine whether ASD-specific maternal autoantibodies identified postnatally are more prevalent amongst women that experienced MCs during pregnancy. In assessing 227 mothers of children with ASD, maternal autoantibody prevalence was observed to be higher among mothers with diabetes, hypertensive disorders, or overweight relative to healthy mothers, although these differences did not reach statistical significance. However, when examining a subset of 145 mothers whose children were characterized as having severe ASD, ASD-specific autoantibodies were found to be significantly more prevalent among mothers diagnosed with diabetes (type 2 or gestational), mothers diagnosed with hypertensive disorders, as well as among those mothers who were moderately overweight (body mass index (BMI) of 27.0-29.9) relative to healthy mothers [56] . These findings therefore suggest that some MCs may contribute to a breakdown of maternal immune tolerance and the subsequent production of ASD-specific maternal autoantibodies.
Animal models
As previously discussed, animal models offer the chance to demonstrate the pathological significance of maternal autoantibodies while testing hypotheses related to the biological mechanisms through which they exert their effects.
To further progress towards understanding the potential neuropathology associated with MAR ASD, several animal studies have been conducted that incorporate the newly identified protein antigen targets of MAR ASD. These include both passive IgG antibody transfer from human samples and more recently, an active immunization of female mice with the salient peptides to induce autoantibodies in the dam prior to breeding. One advantage of passive transfer animal models is the ability to focus on a particular aspect of the model outcome, such as the neuropathological changes that may result from MAR ASD IgG exposure. To investigate the potential pathogenic effects on neurodevelopment, ASD-specific maternal autoantibodies were directly injected into the cerebral ventricles of embryonic mice during a critical period of cortical neurogenesis (E14.5) in a recent animal model of MAR ASD [66] [67] [68] . When assessing the fetal mouse brains two hours post-injection, the ASD-specific maternal autoantibodies reactive to LDH-A, LDH-B, STIP1, and CRMP1 in combination were observed to penetrate into the cortical parenchyma and strongly bind to radial glial cells, but not neuronal or other glial cells, compared to no observed signal detected in the cells of control mice [66] . This finding was of great interest, as it confirms for the first time that these maternal autoantibodies are specifically directed towards intracellular antigenic targets as characterized by the intracellular staining of developing radial glial stem cells (Fig. 1) . Moreover, this single and direct prenatal exposure to ASD-specific maternal autoantibodies resulted in increased stem cell proliferation in the SVZ of the embryonic neocortex two days following injection [66] . When the embryonically injected MAR ASD mice were allowed to mature and reach six months of age, their adult brains were significantly increased in size and weight with a corresponding increase the somal volume of adult cortical cells relative to control animals [66] . A recent examination of potential alterations to dendritic morphology via Neurolucida reconstruction of Golgi stained neurons found that exposure to MAR ASD IgG in utero produced a consistent decrease in the number of dendritic spines in the infragranular layers (IV-V) of both prefrontal and occipital cortices from adult mice [67] . Specifically, basal dendrites of layer V neurons were decreased by 48% in length and 67% in volume in the frontal cortex, and both the total number and density of spines were reduced compared to neurons in the same region of controls. Neurons in the occipital cortex layer VI similarly presented with a 37% decrease in the total number of spines, with a 32% decrease in the spine density in the apical dendrite, as well as decrease in the number of mature spines in the apical and basal dendrites [67] . Finally, the influence of MAR ASD maternal IgG on adult offspring behavior was examined using the intraventricular mouse model of MAR ASD. Relative to controls, mice intraventricularly injected with ASD-specific maternal IgG in utero displayed significantly more stereotypical behaviors, as well as modest alterations in their social approach behaviors [68] . These findings suggest that prenatal exposure to ASD-specific maternal autoantibodies directly affects radial glial cell development and produces long-lasting alterations to neurodevelopment and behaviors highly relevant to ASD, thus providing a viable pathologic mechanism for MAR risk of ASD (Fig. 2) . Others have shown that a reduction in one of the key autoantigens, STIP1, results in significant intentional deficits as well as hyperactivity relative to controls [69] .
While there are many benefits to studying rodent models of ASD, non-human primate models offer unique translational advantages that mouse models are unable to fully recapitulate, such as their ability to demonstrate many features of human physiology, anatomy, and behavior. Utilizing these advantages, Bauman and colleagues recently developed a non-human primate model of MAR ASD to further characterize alterations to behavior and neurodevelopment. Pregnant rhesus macaques were administered targeted IgG from mothers of children with ASD that was specific for the dominant 37-and 73-kDa band pattern (now known to correspond to LDH-A, LDH-B, STIP1, and ASD (a, c) or from mothers of TD children (b) was injected intraventricularly into embryonic mice on gestational day 14 (E14), sectioned, and labeled with avidin-peroxidase 2 h later. Radial glial stem cells within the ventricular zone were heavily stained with MAR ASD maternal IgG (red arrow), whereas the corresponding area in fetal brains of mice injected with TD maternal IgG were completely lacking in any intracellular staining (blue arrow) CRMP1) or mothers of TD children with no autoantibody reactivity. Subsequent MAR ASD offspring exhibited a variety of aberrant social behaviors relative to control offspring, including heightened maternal protectiveness of MAR ASD offspring during early development and increased approach behaviors that were not reciprocated by either their familiar peers or by unfamiliar peer monkeys [70] . Longitudinal magnetic resonance imaging analyses additionally revealed that male offspring prenatally exposed to MAR ASD-specific IgG had significantly larger total brain, frontal lobe, and occipital lobe volumes compared to controls. Furthermore, MAR ASD male monkeys had significantly increased total white matter volume than control male offspring [70] . Each of these passive transfer studies provides crucial insight into the underlying mechanisms and pathogenic significance of these maternal autoantibodies on behavioral and neuronal development specific to MAR risk of ASD. To take these studies to the next level, the development of an animal model that replicates the immune response seen in women with MAR ASD autoantibodies was critical.
A novel mouse model for understanding MAR ASD
In addition to the benefit of antigen-specific autoantibodies as a potential biomarker for risk of having a child on the autism spectrum, efforts towards characterizing the targeted interaction between the various autoantigens and the maternal autoantibodies are important in understanding the underlying mechanism(s) of MAR ASD. Further, the development of a highly translational animal model that recapitulates the maternal immune environment as well as a behavioral phenotype relevant to MAR ASD would provide both the ability to map the ontogeny of the neurodevelopmental changes related to the autoantibodies as well as provide support for the development of potential precisionbased therapeutic strategies.
Autoantibodies recognize and bind to a specific portion of their antigenic protein target, termed the epitope, and it is this binding specificity that often plays a role the pathologic effect of the autoantibody [71] . For example, if the antigenic epitope is at a critical site of the protein, such as a co-factor Fig. 2 Proposed mechanism of maternal autoantibody related (MAR) ASD. Brain-reactive maternal autoantibodies cross the blood-brain barrier during gestation and bind to the various autoantigens on developing neurons (represented by orange triangles, green square, red bulb, and the intracellular antigen, LDH, by the yellow circles). We have shown that antibodies can bind intracellularly to neuronal progenitor cells in the developing fetal brain (black arrowhead) on embryonic day 14. Upon binding to their intracellular targets, these maternal autoantibodies elicit adverse effects to neurodevelopment such as a significant decrease in the number and density of dendritic spines on neurons in the developing cortex. This is illustrated in Panels a and b, as basal dendrites in frontal cortex layer V from an adult control mouse shows numerous dendritic spines (Panel a; red arrowhead), whereas offspring exposed on embryonic day 14 to human IgG with reactivity to LDH, CRMP1, and STIP1 lack mature spines (Panel b) binding site, autoantibody binding could then interfere with the function of the protein. Furthermore, the way in which a self-protein is presented to the immune system can affect what epitopes are exposed and therefore targeted by autoantibodies [71] . In addition, most antigens possess several different epitopes and an autoantibody can be specific for one or more of these peptides per protein antigen [72] . Thus, for individuals that produce autoantibodies to a given autoantigen, the epitopes recognized by pathogenic autoantibodies may differ from those recognized by someone producing benign autoantibodies. For example, two people that are immunopositive for the same protein could have completely different reactivity to different parts of the protein. In fact, this is what was noted when mapping the epitopes for each of the autoantigens: there were individual peptides that were recognized by the ASD maternal samples only and not by the autoantibodies in the TD maternal plasma samples, even though they were positive for the same full-length autoantigen [73] . This could potentially manifest as differential peptide epitope reactivity profiles between mothers of TD children and mothers of children with MAR ASD, thereby providing an additional benefit through the potential to identify MAR ASD-specific peptide epitopes that are not found in the TD maternal samples. This would both help with a better understanding of the mechanism of action of the autoantibodies based on their functional aspects, as well as potentially provide a precise biomarker platform for both the pre-conceptual assessment of risk of having a child with ASD and diagnostic tool for the early identification of children at increased risk for developing MAR ASD. In order to define the most prevalent (immunodominant) epitopes for each of the autoantigens recognized by MAR ASD autoantibodies, overlapping peptide microarrays were used to determine the specific portion of the antigenic proteins to which MAR ASD autoantibodies recognize [73] . In addition to providing information regarding distinct peptide reactivity profiles between mothers of children with ASD and mothers of typically developing children, this study thus formed the basis for the next translational mouse model.
As noted previously, while the passive transfer models provided support for the role of these maternal autoantibodies as a risk factor for ASD, they do not reflect a constant exposure throughout gestation, as would be the case in the clinical setting. In contrast, the development of an antigen-driven animal model would provide a targeted and constant exposure to the relevant autoantibodies throughout gestation. However, one must keep in mind that immunization with the full-length sequence of the targeted proteins would generate autoantibodies reactive against multiple areas throughout the protein sequence that do not confer specificity for MAR ASD. Therefore, the use of the recently identified target peptides for the human maternal autoantibodies is essential in preserving the specificity of MAR ASD in an animal model.
Considering that some patterns of antigen reactivity were previously associated with distinct behavioral phenotypes within MAR ASD [53] , establishing the antigen-driven model specific to one of these maternal reactivity patterns would greatly increase its translational potential as a preclinical testing platform. As combined reactivity to LDH-A, LDH-B, STIP1, and CRMP1, which corresponds to the original 37/73 kDa pattern, was found to be the most selective and abundant pattern associated with MAR risk for ASD, the initial effort therefore focused on the peptides specific to this set of antigens [74] . Sexually naive female mice were immunized with the peptides, then bred once it was ascertained that their autoantibody titers were sufficient; control dams were treated with a saline preparation. Subsequent male and female offspring were tested in a Summary of a selection of behavioral results generated in the antigen-driven mouse model of MAR ASD [74] .
comprehensive sequence of ASD-relevant behaviors and physical developmental milestones from an early postnatal period through adulthood. Relative to control offspring, offspring prenatally exposed to the epitope-specific maternal autoantibodies ("MAR-ASD" offspring) displayed several alterations in behavior that are highly relevant to ASD (Table 2 ) [74] . Most notably, MAR-ASD offspring displayed robust deficits in social interactions and increased repetitive self-grooming behaviors as juveniles and adults during dyadic social interactions relative to controls [74] . Furthermore, MAR-ASD males were found to emit significantly fewer ultrasonic vocalizations as adults during the introduction of a novel female in estrus, suggesting alterations in social communication relative to controls [74] . In assessing physical developmental milestones, during early postnatal life, offspring prenatally exposed to the epitopespecific maternal autoantibodies ("MAR-ASD" offspring) were found to have a significantly larger head width relative to control offspring on PD 10 and PD 12 [74] . By generating the MAR ASD-specific epitope antibodies in female mice prior to breeding, this antigen-driven model demonstrates for the first time that these ASD-specific maternal autoantibodies are directly responsible for alterations in behaviors. In addition, this antigen-driven model not only appears to represent the first highly specific and biologically relevant mouse model of MAR ASD, but is one of a few animal models shown to successfully recapitulate several behaviors relevant to ASD.
Remaining questions
There are several remaining questions regarding the relationship between maternal autoantibodies and the risk of having a child with ASD. For example, studies in nulliparous women to determine the presence of the autoantibodies prior to conception would be of great interest as we do not yet understand the etiology of these autoantibodies. Moreover, is pregnancy a necessary factor in the generation of MAR autoantibodies? Such a study is clearly important but would require large numbers of participants and expansive resources. Another epidemiological question of interest is the contribution of ancillary autoimmune disorders to MAR autism or risk of MAR autoantibody production. In the first study by Braunschweig et al. [26] , no association was noted between the presence of antibodies to fetal brain antigens and a history of autoimmune disease in the mothers at the time of sample collection. However, that does not preclude the presence of an undiagnosed autoimmune condition in the mother. Further, others have found that over 50% of mothers with one specific anti-brain antibody, found to be elevated but not exclusive for ASD, presence of the MAR ASD autoantibodies and behavioral deficits, the cMET allele polymorphism, metabolic conditions during pregnancy, enlarged brain volume in both humans and animal models, and changes in the way neurons develop following exposure also had the presence of anti-nuclear autoantibodies compared with 13% of mothers of an ASD child without antibrain antibodies, and 15% of age appropriate control women. Analysis of the medical history of ASD mothers with this autoantibody also revealed an increased prevalence of an autoimmune disease diagnosis such as rheumatoid arthritis and systemic lupus erythematosus [30] . Another compelling area of future research is the contribution of other factors to the generation of MAR antibodies. This would include both the fetus itself, as well as paternal elements, much like what is noted with Rh disease [75] . While Rh disease has not yet been implicated in ASD [76] , there could be similar mechanisms involved in the induction of MAR autoantibodies. Finally, studies are underway to address the birth order of affected children whose mothers are positive for MAR autoantibodies, which will address several unanswered questions regarding the predictive value of these antibodies.
Conclusions
As ASD is a highly heterogeneous neurodevelopmental disorder, efforts towards identifying and understanding potential subtypes of ASD would greatly facilitate the application of precision medicine for therapeutic interventions for both the affected children and their mothers. As discussed herein, there is a growing body of compelling evidence supporting the association between maternal autoantibodies reactive to fetal brain proteins and risk of ASD (summarized in Fig. 3 ). The protein autoantigens and associated immunodominant epitope sequences targeted by these ASD-specific maternal autoantibodies were recently identified, and it is the recognition of various combinations of these proteins by maternal autoantibodies that confers the specificity of MAR ASD providing the possibility of a biomarker for the risk have having a child with autism. While it appears that specific patterns of autoantigen reactivity are associated with unique behavioral phenotypes, human observational and animal studies alike have consistently noted increased repetitive stereotypies, inappropriate social approach behaviors, and alterations in the neurodevelopmental trajectory of exposed offspring. For example, the most recent antigen-driven mouse model of MAR ASD successfully recapitulated the clinically observed phenotype of children with MAR ASD-specific to the LDH-A, LDH-B, STIP1, and CRMP1 maternal reactivity pattern. Moreover, this mouse model is a necessary first step for the clinical application of MAR ASD antibody studies in human and as such represents the first biomarkerdriven animal model of ASD to successfully capture the core behavioral domains of ASD (sociocommunicative deficits and repetitive behaviors). The production of an endogenous animal model will allow for the future investigation of downstream effects of having these autoantibodies present throughout gestation. For example, such a model will allow researcher to identify the direct effects of maternal autoantibodies on neuronal development, and which regions of the brain are most affected. Furthermore, the identification of which autoantibodies are pathologically significant and which are merely biomarkers can be better ascertained through a direct, endogenous model.
Finally, animal studies that utilize an antigen-driven approach to examine the effects of maternal autoantibodies reactive to the immunodominant epitope sequences of the remaining autoantigens CRMP2, GDA, and YBX1 are also necessary. Additional research is also necessary to further characterize the behavioral and biological phenotype of children with MAR ASD, which would subsequently aid the development and/or selection of optimal individualized treatment(s) for each affected child. Similarly, research is underway to identify potential contributing risk factors that are associated with MAR risk of ASD in an effort to identify factors that drive the genesis of these brain-reactive maternal autoantibodies.
